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Unitary Calcium Current Through Recombinant Mammalian Type 3 IP3
Receptor Channels Under Physiological Ionic Conditions
Horia Vais, J. Kevin Foskett, Don-On Daniel Mak.
The ubiquitous inositol 1,4,5-trisphosphate (IP3) receptor (IP3R) channel, local-
ized primarily in the ER membrane, releases Ca2þ into the cytoplasm upon
binding IP3, generating and modulating intracellular Ca
2þ signals that regulate
numerous physiological processes. Together with the number of channels acti-
vated and the open probability (Po) of the active channels, the size of the uni-
tary Ca2þ current (iCa) passing through an open IP3R channel determines the
amount of Ca2þ released from the ER store, and thus the amplitude and the spa-
tial and temporal nature of Ca2þ signals generated in response to extracellular
stimuli. Despite its significance, iCa for IP3R channels in physiological ionic
conditions has not been directly measured. Here we report the first measure-
ment of iCa through an IP3R channel in its native membrane environment under
physiological ionic conditions. Nuclear patch-clamp electrophysiology with
rapid perfusion solution exchanges was used to study the conductance proper-
ties of recombinant homotetrameric rat type 3 IP3R channels. Within physio-
logical ranges of free Ca2þ concentrations in the ER lumen ([Ca2þ]ER), free
cytoplasmic [Ca2þ] ([Ca2þ]i) and symmetric free [Mg
2þ] ([Mg2þ]f), the iCa-
[Ca2þ]ER relation was linear with no detectable dependence on [Mg
2þ]f.
iCa was 0.15 5 0.01 pA for a filled ER store with 500 mM [Ca
2þ]ER.
The iCa-[Ca
2þ]ER relation suggests that Ca
2þ released by an IP3R channel raises
[Ca2þ]i near the open channel to ~ 13-70 mM, depending on [Ca
2þ]ER. These
measurements have implications for the activities of nearby IP3-liganded
IP3R channels, and they confirm that Ca
2þ released by an open IP3R channel
is sufficient to activate neighboring channels at appropriate distances away,
promoting Ca2þ-induced Ca2þ release.
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IP3 Receptor Channels are Clustered Before IP3 Exposure with No Dis-
cernible Effect on Single-Channel Gating Properties
Horia Vais, J. Kevin Foskett, Don-On Daniel Mak.
A recent patch clamp study reported that recombinant rat type 3 IP3R Ca
2þ re-
lease channels expressed in IP3R deficient DT40-KO cells are randomly distrib-
uted in the ER/outer nuclear membrane until exposure to low [IP3] induces their
rapid clustering [Rahman et al (2009) Nature458: 655-659]. In sub-optimal li-
gand conditions, clustered channels gated identically and independently, but
with a lower open probability (Po) than lone channels regardless of cluster
size. In contrast, in optimal ligand conditions, Po for clustered and lone chan-
nels were the same, but positive cooperative gating was consistently detected in
patches with two active channels. Seeking to verify these surprising observa-
tions, we acquired current records from the same channels expressed in the
same cell system with identical protocols and ligand conditions. The records
were analyzed with the same algorithm to characterize gating behaviors of
lone and clustered channels separately. For comparison, all nuclear patch-
clamp current records previously acquired under comparable ligand conditions
for recombinant rat type 3 IP3R channels expressed in Xenopus oocytes, endog-
enous Xenopus type 1 IP3R channels in oocytes and endogenous IP3R channels
in insect Sf9 cells were similarly analyzed. We found that rat type 3 IP3R chan-
nels in DT40-KO cells are clustered without exposure to IP3, like all IP3R chan-
nels investigated before. For all IP3R channels examined, we detected no
significant differences between channel Po of lone and clustered channels, in
sub-optimal or optimal ligand conditions. Furthermore, in two-channel current
records, the same pattern of channel gating was detected, in both sub-optimal
and optimal ligand conditions, with only a small fraction (< 15%) revealing
positive cooperative gating behavior. Thus, single channel behavior in all
ligand conditions is independent of whether the IP3R channel is in single or
multi-channel patches.
Motions of the Cell Surface Molecules
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Impact of Anomalous Diffusion on Biochemical Kinetics
Marcel Hellmann, Matthias Weiss, Dieter W. Heermann.
Biochemical reactions ultimately rely on the (repetitive) encounter of two or
more molecules. Diffusive transport of the reaction partners not only deter-
mines the first encounter but also the subsequent time window during which
the proteins stay near to each other and repeatedly collide. Experimental obser-
vations have highlighted that diffusion in crowded media like the cell’s cyto-
plasm or the plasma membrane is strongly anomalous, i.e. the area that is
explored by a particle grows less than linearly in time. We show here that
anomalous diffusion can dramatically alter the time course of biochemical re-actions. In general, the behavior deviates from the classical Smoluchowski re-
sult and shows signatures of anomalous, fractal-like kinetics. While single-step
reactions are typically slowed down by anomalous diffusion, multi-step reac-
tions (e.g. phosphorylation cascades) can also be enhanced. Hence, biochemi-
cal networks in living cells could have emerged in a way to deal with or even
exploit anomalous subdiffusion.
1377-Pos Board B287
A new Paradigm in Single-Particle Tracking in Live Cells: Onset of Ergo-
dicity Breaking
Diego Krapf, Aubrey V. Weigel, Blair Simon, Michael M. Tamkun.
Experimental single-particle tracking (SPT) is extensively used to study the dy-
namics of membrane proteins and lipids in living cells. Most studies show that
molecular motion in the plasma membrane, as well as in the cytoplasm and the
nucleus, undergoes anomalous subdiffusion. SPT data is usually analyzed in
terms of the temporal mean square displacement because averaging along indi-
vidual trajectories is more readily available than ensemble averages. However,
in some intriguing physical phenomena ergodicity is broken and thus temporal
averages do not converge to the ensemble measurements. Here we measured
more than 1,000 Kv2.1 potassium channel trajectories in live human embryonic
kidney (HEK) cells, analyzed their ergodic and non-ergodic properties and un-
covered the physical mechanism underlying their anomalous diffusion pattern.
We have labeled Kv2.1 channels with quantum dots (QDs) in HEK cells, im-
aged the cell basal membrane with total internal fluorescence microscopy
and analyzed the individual channel trajectories. We found that the distribu-
tions of the two types of averages are clearly different. The temporal average
yielded a much broader MSD than the ensemble-average. Nevertheless, the dif-
fusion pattern of these channels follows anomalous subdiffusion in the lag time,
i.e. the MSD is sublinear, both for the temporal and the ensemble averages. Our
data reveal that two processes simultaneously coexist and only one of them is
ergodic. The ergodicity breaking is found to be maintained by a set of anchor-
ing points associated to the actin cytoskeleton. Control experiments indicate
these effects are not induced by the quantum dots. These results are accurately
modeled by a continuous time random walk on a fractal structure. When the
actin cytoskeleton is disrupted, ergodicity is recovered. These experimental ob-
servations have direct biological implications in the dynamics of membrane
proteins.
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Single Molecule Tracking Under an External Force Field Created by Am-
plifying Hydrodynamic Drag with a Nano-Parachute
Silvan C. Tu¨rkcan, Jean-Marc Allain, Michel R. Popoff,
Antigoni Alexandrou.
The membrane architecture plays a crucial role in many cellular processes. In
this work we track the motion of two membrane receptors in an induced exter-
nal force field that distorts the thermal equilibrium and gives access to the re-
ceptor interaction with the environment. We introduce a scheme that is easier to
use and cheaper than optical tweezers and allows multiplexed measurements.
Lanthanide doped nanoparticles (Y0.6Eu0.4VO4) are coupled to two different
bacterial pore-forming toxins. Single-molecule tracking (SMT) of receptor-
bound labeled toxins in the membrane of MDCK cells reveals that the receptors
undergo confined diffusion in stable domains. We take advantage of the hydro-
dynamic interaction of labeled receptors with a controlled fluid flow within
a microfluidic channel to apply a force on the receptors (Figure 1A). The nano-
particle label acts as a parachute and increases the hydrodynamic interaction
with the fluid, so that drag induced by convection becomes important. In B),
SMT shows mainly elastic
displacements of the recep-
tor over distances up to 10
times the confining domain
diameter. Once the flow
stops, the receptors return
to their initial position indi-
cating attachment to the
cytoskeleton.1379-Pos Board B289
Diffusion Measurements on Non Flat Surfaces Require Analysis of the
Shortest Within Surface Distance
Ingela Parmryd, Jeremy Adler.
Diffusion in cell plasma membranes is appreciably slower than in artificial
membranes, which we suspect is an artefact resulting from 2D tracking over
a non-flat surface and the consequent underestimation of the net movement
(1). We have compared different methods for analyzing tracks. Simple diffu-
sion was simulated over flat and non-flat surfaces created on a 3D orthogonal
grid using an array of connected voxels. On non-flat folded surfaces analyses
252a Monday, March 7, 2011using 2D Euclidean and City Block measures predictably produce artefactually
low diffusion coefficients. When these analyses are made in 3D over short time
steps, the measured diffusion approach measurements made on a flat surface.
However over longer timescales and on more complex surfaces the rates of dif-
fusion progressively fall. Since particles cannot leave the surface we suggest
replacing the Euclidean and City Block distance with a new measure that con-
fines the path to the surface, the shortest within surface distance (SWSD). This
is generated by starting a conditional dilation at the first location that spreads
over the surface until the target voxel is reached. On non-flat surfaces created
by folding a flat surface (origami) the SWSD effectively unfolds the surface
and produces accurate measures of distance, and therefore coefficients compa-
rable with flat surfaces. With more complex surfaces the SWSD based coeffi-
cients do not perfectly match those from flat surfaces but are superior to
measures made with the Euclidean or City Block distances. In summary, the
SWSD produced a match between measurements on flat and non-flat surfaces
i.e. it is relatively independent of topography. Overall this suggests that the
minimum requirement for diffusion measurements on the plasma membrane
is 3D tracking and high resolution topographical images.
1. Adler et al. (2010) Nat. Methods 7, 170-1711380-Pos Board B290
Statistical Analysis of Lateral Diffusion and Kinetics of State Transition
and Membrane Dissociation in Single Molecule Imaging
Satomi Matsuoka, Tatsuo Shibata, Masahiro Ueda.
Single-molecule imaging has revealed that signaling molecules can adopt mul-
tiple states with different lateral mobility and membrane-binding stability on
the membrane of living cells. Considered with a relevance to cellular responses
to external signals, the kinetics of transition between the states tells us how the
signals are processed on the membrane and transmitted into cytosol. We have
previously developed a method to analyze the state transition kinetics for the
molecules that constantly bound to the membrane, such as receptors and chan-
nels. In order to elucidate signaling mechanisms mediated by those undergo dy-
namical shuttling between membrane and cytosol, it is required to analyze
multi-state kinetics of both switching in diffusion mobility and dissociation
from membranes at the same time. Here we propose a method for such analysis
based on stochastic trajectories of single molecules on membranes. The sim-
plest 3 schemes were assumed: a molecule with unique diffusion coefficient
(D), a mixture of molecules in two states with different D, a molecule switching
between two states with different D. Using trajectories made by numerical sim-
ulation, these schemes were shown to be distinguishable by referring the life-
time on membrane, and the probability density function and autocorrelation
function of displacements. Finally, kinetics of both state transition and dissoci-
ation could be revealed.1381-Pos Board B291
Mean Square Displacement Analysis of Single-Particle Trajectories with
Localization Error
Xavier Michalet.
Single-particle tracking has become a popular tool due to its potential to pro-
vide information on the behavior of individual molecules in in vitro assays
or in live cells or animals (1-2). While the question of how precisely single-
particle tracking can be performed has been extensively addressed in the liter-
ature, the issue of what information, and how precisely it can be extracted from
such data, still remains an active research area (3-4).
We explore the simplest and most widely used approach, the mean square dis-
placement (MSD) analysis, limiting ourselves to Brownian diffusion in an iso-
tropic medium. We revisit some properties of the MSD curve of single
trajectories in this simple yet important case and present some new results re-
garding both the MSD curve and its fit.
In particular, we examine the capability of MSD analysis to extract reliable
values of the diffusion coefficient D of single particle undergoing Brownian
motion in an isotropic medium in the presence of localization uncertainty.
The theoretical results, supported by simulations, show that a simple un-
weighted least square fit of the MSD curve can provide the best estimate of
D provided an optimal number of MSD points is used for the fit. We provide
a simple algorithm to determine this optimal number of points as well as ana-
lytical formula for the error on fitted coefficients (diffusion coefficient D and
localization error s). Finally, we discuss the practical implications of these re-
sults for data analysis in single-particle tracking experiments.
1. M. J. Saxton and K. Jacobson, Annual Review of Biophysics and Biomolec-
ular Structure 26, 373 (1997).
2. F. Pinaud, S. Clarke, A. Sittner, et al., Nature Methods 7, 275 (2010).
3. A. J. Berglund, Physical Review E 82, 011917 (2010).
4. X. Michalet, Physical Review E 82, in press (2010).1382-Pos Board B292
High-Speed Single Quantum Dot Imaging of in Live Cells Reveal Hop Dif-
fusion
Christoffer Lagerholm, Mathias P. Clausen.
Ultra high-speed single particle tracking (image frame rates 40-50 kHz) ex-
periments with 40 nm gold particles has indicated that lipids and proteins in
the plasma membrane undergo hop-diffusion between nanometer sized com-
partments (Fujiwara et al. (2002) J Cell Biol. 157:1071-81). These findings
have yet to be independently confirmed. In this work, we show that high-
speed single particle tracking with quantum dots (QDs) and using a standard
wide-field fluorescence microscope and an EMCCD is possible at image ac-
quisition rates of up to ~2000 Hz. The spatial precision in these experiments
is ~40 nm (as determined from the standard deviation of repeated position
measurements of an immobile QD on a cell). Using this system, we show
that membrane proteins and lipids, which have been exogenously labeled
with functionalized QDs, show examples of three types of motion in the
plasma membrane of live mouse embryo fibroblasts, 1) approximately free
diffusion, 2) confined (immobile) diffusion, and 3) hop diffusion between
compartments with a size of ~100 nm diameter, and a lifetime of ~100-
200 milliseconds. In these experiments, we have used QDs that had a hydro-
dynamic radius (RH) of about 12-15 nm as determined by fluorescence cor-
relation spectroscopy (FCS). While these QDs are very large compared to
fluorescent dyes, they are 25-40% smaller in radius and are at least two
fold smaller in volume than the 40 nm diameter gold particles used in ultra
high speed SPT.
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Single Quantum Dot Tracking Coupled to a Three-State HMM Provides
New Mechanistic Insight Into erbB1 Homodimerization
Shalini T. Low-Nam, Keith A. Lidke, Patrick J. Cutler, Rob C. Roovers,
Paul M.P. van Bergen, en Henegouwen, Bridget S. Wilson, Diane S. Lidke.
The erbB family of trans-membrane receptor tyrosine kinases serves as the pro-
totypical model for dimerization-induced signal transduction. The current par-
adigm for signal initiation by erbB1 homo-dimers is based on ligand-induced
conformational changes, which expose the dimerization arms of activated re-
ceptors. To track erbB1 dynamics at the molecular level, we used two-color sin-
gle quantum dot (QD) tracking to determine diffusion and dimerization
characteristics of resting, ligand-bound and kinase-inhibited receptors. Long-
lived erbB1 homo-dimers were directly visualized between EGF-QD-bound re-
ceptors, characterized by a 50 nm separation. However, we also observed dimer
interactions whose close approach was punctuated by periods of excursion up
to hundreds of nanometers apart, suggesting a third domain-confined receptor
state. For each condition, transition rates between free, domain-confined, and
dimer states were extracted using a modified three-state Hidden Markov Model
(HMM). This analytical model uses separation of pairwise QD trajectories to
determine probabilities of state transitions, whose rates are fit over many can-
didate interactions. Diffusional behavior was determined by state and showed
slowing upon dimer formation; EGF-bound monomeric receptors confined to
the same domain showed two-fold slower diffusion than free receptors and
showed a further three and a half-fold slowing upon dimerization. Resting or
kinase inhibited receptors did not show this dramatic mobility change. While
the small molecule tyrosine kinase inhibitor, PD153035 that blocks receptor
phosphorylation altered receptor diffusion, it did not change the dimer off
rate. Resting erbB1 dimers tracked via monovalent heavy-chain only antibody
fragments (VhH) did not demonstrate correlated motion and had a >6-fold
higher off-rate. Our studies provide new mechanistic insight into erbB1 dimer-
ization, demonstrate a role for membrane domains in promoting protein-protein
interactions, and suggest a reduction in receptor mobility as a feature of signal-
ing competent erbB1 dimers.
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Monitoring Association of Membrane Proteins with Micro-Domains and
Cytoskeleton in Live Cells During Signaling and Perturbation
Heng Huang†, Arnd Pralle†.
†Departments of Physics, State University New York at Buffalo, Buffalo,
NY 14260..
A central challenge to understanding cell signaling is to quantify how the
membrane ultra-structure modulates signaling dynamics and how vice-versa
signaling influences the membrane ultra-structure. Spatial membrane domains,
such as created by lipid rafts and the membrane cytoskeleton, influence
membrane protein mobility and hence membrane bound processes. Not only
are these domains modified in a range of pathologies but various drugs are
also thought to influence them. However, direct visualization of these lipid
domains in intact cells is challenging because of their small dimension and
dynamics.
